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- DyNamic FEM MODEL OF OroVILLE DAM
‘By John Vrymoed," M. ASCE ~ o
Iﬁrﬁduumou

<'Oroville Damand" Lake, keystones of the . California ‘State Water Project,
are situated in the foothills on the westers slope of the Sierra Nevada. The
site:is located 5 miles east of the City of Otoville and approximately. 85 miles
north of Sacramento, The dam, onthe Feather River, is the highest earthfilt
dam in the United States, It rises 770 ft above stream-bed excavation and spans
5,600 ft between abutments at its crest. Two small embankments, Bidwell Canyon
and Parish Camp Saddle Dams, complement Oraville Dam in containing the
3,537,577 acre-ft Lake Oroville. The dam and lake, along with their appurtenant
structures, camprise & multiple-purpose; project involving water conservation,
power genemtion,' flood control, recreation, and fish and wildlife enhancement.

The dam is zoned, rolled earthfill with impervious care, gravel shells, and
appropriate transition zones. The shell materials were obtained from the vast
fields of tailings produced many years ago by dredgers working over the flood
plane of the Feather River for gold. ' S

Seismic activity occurred during the months of .August and September of
1975 within close proximity to Oroville Dam. During this time bedrock and
dam crest acceleration time histories were recorded. The recorded bedrock motion
of the August 1, 1975 main shock, and September 27, 1973 aftershock, having
magnitudes of 5.7 and 4.6, respectively; were input into & two-dimensional finite
element model of the dam and the computed crest motion compared to the

recorded crest motions.

DescriFTioN oF EMeANKMENT.VATERIALS ARD Dynamic INSTRUMENTATION SYSTEM

Embankment Materinls.—Materials-comprising the various zones of the dam
considered in the analyses, shown in Fig, I, are described-as follows.
Zone | —Impervious core consistingrof ‘2 weil-graded mixture of clays, silts,
 sands, gravels, and cobbles to 3-in. (76-mm) maximum size; Compaction was
in 10-in. (254-mm) lifts by 100-ton (90,700-kg) pneumatic rollers. Average in-place
dry-density ‘achieved was 140" pcf - (2,240 kg/m*) at 8.0% moisture-(average
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100% relative compaction, DWR Standard 20,000 ft-ib/cu ft (98,600 m-kg/m?).

Zone 2.—Transition zones consisting of a well-graded mixture of siits, sands,
pravels, cobbles, and boulders to 15-in, (380-mm) maximum size (6% limit on
minus No. 200 U.S. Standard sieve material), Compaction was in 15-in. (380-mm)
lifts by smooth-drum vibratory rollers. Average:in-place dry density achieved
was 151 pef (2,400 kg/m®) at 3.9% moisture (average 99% relative compaction).

Zone 3.—8hell zone of predominately sands,-gravels, cobbies, and boulders
to 24-in, (610-mm) maximum size; up to 25% minus No. 4 U.S. Standard sieve
sizes permitted. Compaction wasin 24-in, (610 mm) lifts by smooth-drum vibratory
rollers. Average in-place dry density nchieved was 147 pef (2,350 kg/ m?) at
3.1% moisture (average 99% relative compaction).

Zone 4.—Buffer zone designed to compress coniains between 15% and 45%
passing No. 200 (0.074 mm) U.S. Standard sieve with B-in. (200-mm) maximum
size, Compaction was in 15-in. (380-mm) lifts by a smooth-drum vibratory roller.
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FIG. 1.~—O0roville Dam Maximum Section

Dynnmic Instrumentation,—Four force-balance type accelerometers were in-
stalled in the dam at the maximum section, Station 53 -+ 05 by the Department
of Water Resources (DWR); the locations shown.on Fig. 2 are as follows,

1. No. |: Beneath the crest at Elevation 680.

2. No. 2: Beneath the crest at Elevation 801.

3. No. 3: Downstream toe, on rock Elevation 150.

4, No. 4: On the crest at downstream edge Elevation 922,

These instruments measure accelerations in the vertical and downstream direction,
N46° E and along the axis 90° to this. direction..In cooperation with the U.5.
Geologic Survey, (USGS), three additional instruments were placed at the site.
One was located at the crest along side the DWR-accelerometer, one in- the
core block gallery,’and one on rock at Elevation 1120 sbout 1 mile nqrthw‘cst'
of the dam (Seismograph Station). The core block and crest instruments were
oriented the same as previously described; one axis of the seismograph station
instrument was oriented N37° E. With the exception of the core block unit,
all strong motion instruments were operable during the period of activity,
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- 8ix dynamic pore-pressure cells were installed in the upstream shell and
transition zones as shown on Fig. 2. Each cell showed a response during one
i event or another of the August-September 1975 earthquake series. Five groups
" . of:stress cells were located in the downstream shell (Fig. 2). Each cell group
measures stresses . vertically and on angles of 45° in the up and downstream
directions. Each cell has two transducers; one measures both static and dynamic
stresses (CEC), and the other measures static stress. only (MATHAK). Cell
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FIG. 2—Oroville Dam Embankment: "Dynamic Instrumantation - -

Numbers 1, 2, 5, 6,7, 10, 11, 12, and 14 were operable during the earthquake
activity.
Recorpet Events

Three of the recorded events were of significance for analyzing the response
of Oroville Dam. The main event of August 1, Magnitude 5.7; an aftershock
of Magnitude 4.7 on August 5; and an aftershock of Magnitude 4.6 on September
27, Many. other foreshocks and aftershocks were recorded but were not used
in these analyses. Parameters of interest for the three events are listed-in Table
1. The original accelerometer traces of these events are shown in Ref, 1.
August 1, 1975.—The DWR accelerometers were triggered by a minor foreshock
and were still recording when the main shock occurred. With the arrival of
_the-large -accelerations of the ‘main shock, other instruments (pore pressure
~ andstress cells) were triggered resulting in an overload and a temporary loss

of power, This loss of power cansed all of the instruments to stop .recording
for most of the duration of the strong motion. After several seconds, the back-up
power. source had been activated and all of the instruments started. to record
ggain resulting in a gap in all the records.

"The length of time represented by the: gap was determined by examination
of aftershock records. The records show the space between a previous and
subsequent event to be of the same length as the gap in the August I record.
After August 8, the recording speed of the recorders :was increased by a factor
of 2.5 in. /sec-1.0in, /sec (25 mm /). The resulting increased angular momentum
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of -the .drum increased the space between two events to -approxim_atelyA'l' in.
It. was therefore determined that the gap in the August. 1. records represented

the distance the accelerometer drum rolled after powe
. The power failure was reenacted s
amount -of time which elapsed betw
power source being activated.-It was dete
the source for the back-up power supply,
to start and supply power to the recorders o
cut off. The length of time represented by the gap was,

to be 5 sec-6 sec,

To gain an insight into what
DWR records, the USGS recorde
crest of Oroville Dam were obtained and compare
Both the USGS and DWR records were lined up so that ali

DWR records,
th the gap in the DWR records

the time traces have & common time base wi

being 6 sec (Fig. 3).

TABLE 1.—Parameters far Three Seismic Events

o that some-insig

r had been cut off.

ht might be given to the
een main power cutoff and the back-up
rmined thet the ‘generator, which.is
needed a minimum .of 5 sec-f ‘sec
nce the main power supply was
therefore, assumed

occurred during the missing portions of the
d motions at the seismic station and at the
d with the corresponding

Distance :
" Epicentar from dam, Depth,
Seismic latitude in miles in miles
avent and longituds | Magnitude (kilometers) {- {kilometars)
{1 {2) {3) {4) {5)
August 1 39° 2633/ 57 6.9 5.5
1210 31°-T1' ' (1.1} " (8.8)
Aupust 5 39° 28'-73 4.7 4.2 53
£21°31'46’ (6.8) (8.9
September 27 39°30°-65' 4.6 2.2 3.3
121° 3269/ (3.5) . {5.6)

The motions recorded by the DWR
crest are identical (starting from the sec
motion) and any differences are due to'low and high pass-filte
correction: performed on the USGS recorde
were not correcied for instrument response,
subsequent analyses. It was noted in Ref. 2
USGS recorded crest motion: were lost.
motions as shown on-Fig. 3(5)-indicate that appro
crest motion is missing from the USGS record.

The USGS recorded base motion at the-seismic s
that the beginning of this record lin
recorded on DWR accelerometer 3,
recorded base motion shows that.the
the start of the USGS recorded crest motion.
.. The positioning of the. DWR and UsSGSs
best estimate of the sequence of .events describin

d crest motion.

by the dam during the earthquake on August 1, 1973,

and USGS instruments located on the
ond-part-of the DWR recorded crest
ring and instrument
The DWR records
as they would not be used in any
that the first few seconds of the
The lined up DWR and USGS crest
ximately 2.5 sec of -initial

tation was positioned ‘50
es up with the start of the strong motion
Fig. 3(d). This positicning of the USGS
strong ‘motion had ‘cssentiaﬂy;,ceasad' by

records as shown on Fig:.3 is the
g the motions: experienced
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FIG, 3.—Oroville Dam Au_ea!arg_tlc;h Records August 1, 1875: Upstream-Downstream
Component of Motion '

1062 AUGUST 1981 GT8

August 5, 1975.—The DWR recorded motions again have a major part of
the event missing and therefore could not be used in any subsequent analysis.
It was seen, however, that like the August 1 recorded motions, the dam freely
oscillates while the amplitudes of the accelerations of the crest are decreasing -
uniformly. This again occurs with the amplitudes of the recorded base motion
being negligible. The USGS did not have any record of the August 5 event,

September 27, 1975.—The seismic event of September 27, 1975, (Magnitude
4.6) was recorded in its entirety on the DWR accelerometers. The components
having & high frequency content were digitized at 100 points/in,~150 points /in.;
the longer period components were digitized at approximately 75 points /in,~100
peints/in.

The processing of the digitized records was performed using the routine
computer processing methods for strong motion accelerograms developed by
Trifunac (13,14). Some changes, however, were made in this standard processing
technique. The instrument correction was not performed as the accelerometers
are of a force-balance type. It was assumed that the instrument response was
unaffected throughout the frequency range of interest.

“The records of the base motion (horizontal and vertical) were baseline correcied
with an equal spacing of 100 points/sec. The equally spaced data were low-pass
filtered using the Ormsby filter with a cut-off frequency of 48 cps and a roll-off
termination frequency of 1.0 cps. This filter bandwidth deviates from the standard
filter used (13,14) mainly due to the high frequency content, low amplitude,
and short duration of the records.
~ The USGS did not have any record of any seismic events for the time
of September 27, 1975,

Observed Natural Period.—The USGS recorded crest motion of August 1,
shown on Fig. 3, shows the dam oscillating in its fundamental mode with the
amplitudes of the corresponding base motion being negligible, Response spectra
of the USGS recorded crest motion show a predominant period of 0.8 sec.
Response spectra of the first part of the DWR recorded crest motion show
a predominant period of 0.25 sec. This lower predominant period of the crest
motion occurs during the duration of the higher amplitudes of the base motion.

Like the August 1 crest motion, the August 5 erest motion shows the dam

oscillating in its fundamental mode with the amplitudes of the base maotion
being negligible. Response spectra of the DWR recorded crest motion were
not obtained as these records were not digitized. The predominant. period of
the free vibration part of the record was observed lo be approximately 0.75
Sec. :
The August ! and 5 records show the dam to respond during the time of
strong base motion with high frequencies. After the base motion has essentially
ceased, the crest motion decays uniformly with the dam freely vibrating. It
was assumed, for purposes of these analyses, that the dam was responding
in its fundamental mode with a predominant period of 0.8 sec, )

period

DeTeRMINATION OF SHEAR MaouLus FoR EMBANKMENT SHewL MaTERIAL

General.—The August Oroville earthquake afforded an excellent opportunity
for back figuring the value of the dynamic shear modulus at low strain levels
since acceleration records were obtained for base rock and dam crest. The
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aftershock of September 27 of which good crest and toe records were obtained
was used in the analyses, The break in the DWR acceleration records of the
August 1 event rendered them unusable. Instead, the Seismic Station record
was used for base-rock input and the output compared to the USGS crest
instrument record. Although the Seismic Station is some distance from the base
of the dam, its records do represent rock motions having a frequency content
similar to that of the records obtained at the dam toe. It was, therefore, felt
that a reliable estimate of dynamic shear modulus would result with use of

both tHe September 27 and August 1 events.

Static Stress Analysis,—The static stress distribution for the maximum section
of Oroville Dam was required for input to dynamic finite element analysis.
The nonlinear incremental finite element method was used to simulate the
construction sequence of the embankment and subsequent filling of the reservoir.

Computer program ISBILD was used to carry out the static stress analysis.
This program is very similar to the computer program used in the earlier analysis
of Oroville Dam by Kulhawy and Duncan (4). The use of an incompatible
isoparametric clement by program ISBILD it the major difference between
the program used int the earlier analysis which uses a two linear strain triangular

element.
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FIG. 4.—Finite Element Mesh: Maximum Section Oraville Dam

The finite element mesh, Fig. 4, used in the static and dynamic analyses

contains 564 elements and 585 nodes. This mesh contains a greater onumber -

of clements in the shell zones and a smaller number of elements in the transition
zone between the shell and core zones than the mesh used in the earlier analysis.
As a result of the good comparison between observed and computed settlements
in the previous static analysis, the same stress-strain parameters were used
in this analysis.

Piezometer readings obtained prior to the earthquake activity were used to
obtain the seepage force distribution in the core. The following sequence of

construction was used in the analysis.

1. Construction of the core block in four layers.
5. Construction of the cofferdam, upstream of the core block, in 14 layers.

3. Construction of the remaining embankment in 27 layers.
-4, Application of water load in four stages, simulating filling of the reservoir.

The results of this analysis correspond to those obtained in the previous analysis.
Contours of major and minor principal stress and the orientation of these stresses

is shown in Figs. 5 and 6, respectively.,
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. Static stresses are measured -periodically-ai the locations shown in Fig. 2.
All-but three of the static stress ‘cells: were functioning ‘at the time ‘of the
enrt:hquakes. Over the years, siatic stress values have remained. relatively
- constant. The comparison between measured and calculated static stress values

is presented in Table 2. Inspection of Table 2 shows good agreement between
measured- and -calonlated vertical' stresses.- Inclined- stresses and compression
toward the downstream’toe also show good agreement: : s
- The:operable cells measuring comparison toward the upstream toe yield more
erratic results when compared to the calculated-values. The disagreement between
the calculated and measured values for'the'inclined cells is understiandable
considering the difficulty of their placement .and compaction of the adjacent
embankment material. . Coo
s Three-Dimensional Effect.—The recorded crest motion represents the response
of a three-dimensional (3-D) system. Present computer capabilities only allow
for a two-dimensional (2-D) analysis of a dam the size of Oroville. A 2-D analysis

TABELE 2.—Statlc Stress Comparison

Htrass TRE : pirection

Call Ho. Moihak Cell FEM Analysis of Strass
1 13.8 16.6.- b
2 29.5 ©28.2 a
3 4.4 11.Y b
4 - 23,0 ]
5 ©30.8 f 25.6 a
[} 15.1 14.2 -3
7 22,3 . 21.0 a
B 11,0 24.5 a
g - 20.8 c
10 7.9 16.9 =]
11 11.5 12.1 b
12 25.4 20,2 a
13 18.0 17.0 a
14 10.0 9.1 b
15 - 17.1 <]

- l:Taf = 35.7 KPa '

overestimates the natural period because the greater stiffness of the system
resulting from the abutments is disregarded. Studies by Makdisi (6) compare
the computed natural period of embankments by 2-D analyses with the natural
peried computed by 3-D analyses,’ The difference between the two computed
_natural- periods-depends greatly upon the ratio of maximum height to crest
“length: of the dam. Results show that for-the maximum height to crest-length
ratio of Oroville Dam, the ratio of computed natural periods by 2-D and- 3-D
analyses is '1.25. Thus,” to obtain the' actual dynamic material properties ‘for
Oraville \Dam, the computed natural period for the’ maximum section-shoald
be greater than the observed hatural ‘period- by a factor-of 1,25."As the crest
acceleration records exhibited a natural period of 0.8 sec, the value' sought
by the 2-D analysis would-be 1.0 sec. . ) -

Method of Response Computation.—Th
out with computer program LUSH (5). The

e dynamic FEM analyseé were carried
details of the solution technique

‘- of 6.7 % 10*% is computed. An effective shear strain of 4.3 x 10°
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and the formulation of ‘the system matrices are readily available in Ref. 3.
Basically, -the program solves the equation of motion for undamped systems

as follows:

(M) (i} + (K1) =={m}Yyp@y ....... e LW
in which {1} and {#) = the nodal point displacement and acceleration vectors,
respectively; [M] and [K] = the mass and stiffness matrices;. and y{t) =
the given input acceleration time history. Viscous damping is incorporated’ in
the formulation of the complex shear.modulus expression. The program solves
Eq. I in the frequency domain. The linear equivalent methed is used to model
the variation of damping and shear modulus with shear strain by successive

iterations.
The calculation of natural period was made with solution. of the eigenvalue

problem

K] =w2{M} .. s e e NN
in which [K], {M] and w represent stiffness matrix, mass vector, and natural
cirenlar frequency, respectively. The formulation of the stiffness matrix is based
upon shear moduli which correspond to the average shear strain experienced
during the duration of base motion. . '

Shear moduli values for the core material were determined by the use of
the undrained strength and shear modulus. relationship for clays as outlined
in Ref. 12. The zones of core material in the maximum section constitute only
10% of the total cross-sectional area and were found to havea negligible influence

in the response analyses.

The shear modulus for the
relationship:
G = K 2mux 1000 (o m”)
in which G_,, = the shear modulus, in -pounds per square foot, at small shear
strains (107%); K jpe, = the shear modulus parameter at small shear strains
(10™*%); and o'm’ = the mean effective confining pressure, in pounds per square
foot. The mean effective confining pressure was computed using the results
from the static FEM analysis. The average K,/ K., reduction curve for
cohesionless soils reported in Ref. 12 was used in the analyses. The parameter

was the value sought. ' -
—The maximum- horizontal displacement obtained from the August 1

is 0.6 in. {15 mm). Using 750 ft (230
a maximum shear: strain
~ig, is

shell material was computed by the following

/2

..........................

K‘#mnx

KZmnu'
USGS crest displacement time history,
m) as the height of the maximum section of the dam,

gbtained by using 0.65 as an averaging factor. Assuming that this is the effective
shear strain that would be computed by. the dynamic FEM analysis, & value
for- K 3/ K ymes ©f 0.8 is found using the average reduction curve. With: this
ratio for K,/ Kome & value of 320 for Kop,, Was found to correspond to a
natural period of 0.8 sec by solution of the eigenvalue problem. . o

As the natural period sought was 1.0 sec due to three-dimensional effect,
a X, value of 205 was computed, by inverse proportion. This value for
K 3x 15 TEpresentative of the Oroville Dam shell material. L

This value is slightly higher than:the value of 190 reported by Seed (12).
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Results by Wong (17) from strain controlled cyclic triaxial tests conducted on
a model gradation of Oroville shell material indicated & K, OF 140. The model
gradation limited the maximum particle size to 2 in. (50 mm).

In view of the available data reported in the literature, ghown in Fig. 7,
8 Ky value of 205 appears to be a rea

material,
It is importart to keep in mind the limitations on the use of the two values

of Komuer A Kamax 0f 205 is representative of the shell material in Oroville
Dam. The K., value of 320 is only pseful for analyses of the maximum
section of Oroville Dam by,two-d.iménsional techniques to simulate the actoal
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‘three-dimensional behavior. The use of 8 K 30, value of 320in 2 two-dimensional

analysis will simulate the actual three-dimensional accelerations and displacements-

by artificially stiffening the material. Stiffening the material in this manner results
in stresses which are oo high, because the strengthening effect of the third
dimension is not modeled in the_analysis. So that for a proper stress analysis
the value of 205 for Ky, i§ appropriate. ‘

The validity of the parameters determined by the methods described was
determined by check analyses using the acceleration records of the September

27 and August 1 events.

sonable value for the Oroville shell -
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ComparisoN oF Opserven ano CompuTen Momons

September 27 Event.—The bedrock motion of the September 27 event recorded
at the dam toe was used as ioput to the dynamic FEM model. The output
of nodal points 4 and 88 (Elev, 680) in the FEM mesh correspond to the location
of crest and internal accelerometers 4 and 1 (Elevation 680), respectively.
Accelerometer 2 was inoperative.

The computed and observed acceleration time histories for the crest and
Elevation 680 are shown in Fig..8 and Fig. 9, respectively, Good agreement
is shown between the acceleration time histories for the crest of the dam. The
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FIG. 10.—Observed and Computed Acceleration Response Spectra, September, 27,
1975: Elevation 680 and Crest

agreement between the acceleration time histories for Elevation 680 is not as
good however. Response spectra of these time histories are shown in Fig. 10.
At Elevation 680 the model underestimates the motions in the 0,05 sec range.
For periods greater than 0.05 sec, the moadel favorably prediets the observed
response spectra. For the crest of the dam, favorable agreement is shown between
observed and computed response spectra particularly in the 0.05 sec range.
Deviations between response spectra for both the crest and Elevation 680 pcour
for periods in excess of 0.4 sec. These deviations are primarily -due to.the
September 27 event lacking significant motions with periods in excess of 0.4
sec. The acceleration time histories were integrated to obtain displacement time
histories as shown in Fig., 11. The maximum displacement of the ohserved
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.drest:motion is 0.1 in. (2.5 mm) which corresponds-to an.average induced shear

~strain of 7.2 X-107*%. This shear strain in turn corresponds to a K,/ Kam,

iratio:of 0.92 1o which the linear equivaleni method iterated. e
" August 1 Event.—The August 1 recorded bedrock motion was used for input
‘to dynamic FEM model with some reservation due to the following: (1) The
_bedrock motion was recorded 1.5 miles (2.4 km) away from the toe of the
‘dam with an elevation difference of 900 ft (275 m); (2) a 9° difference in orientation
" between the longitudinal components of the crest and bedrock accelerometers;
" and (3) missing the first 2.5 sec of the recorded crest maotion.
The comparison between the computed and observed crest response is shown
in Fig. 12 along with the bedrock motion. Similar comparisons of response
. spectra and displacements were made and are shown in Fig. 13 and Fig, 14,
respectively. Response spectra of the computed: crest motion show the dam
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FiG. 13.—Acceleration, Velocity and Displacement Respanse Spectra, August 1,1975:

Crast

10 oscillate with two distinct periods. The first period of 0.15 sec is not evident
in the response spectra of the observed crest motion. This is expected since
the observed crest motion has the first 2.5 sec missing where the high frequency
motions would have occurred. The second period shown on the response spectra
of the observed motion occurs at 0.75 sec which corresponds to the observed
predominant period of 0.8 sec. The linear equivalent method, as in the September
27 event, iterated to the observed average shear. strain and corresponding
K,/ K 5, matio of 0.8. : ' o
The favorable comparisons between the computed and observed acceleration
time.histories response spectra and induced average shear strains gives validity
to the FEM model chosen. i : o
~Recordings of stress for the August 1 event. were also marred by a gap due
to the power loss. Before the gap, a peak dynamic stress of 23 psi (190 kPa)
was recorded by cell No. 5, the other stress cells showed very minor fluctuations,

1074 AUGUST 1981

GT8-

ent a maximum stress of 9 psi (60 kPa) was recorded
by cell No. 5. The recorded stresses were too small for any menningfuil
comparisons with computed stresses. The computed stresses for the September-
27 event were on the order of 6 psi (40 kPa)-9 psi (60.kPa). :

During the September 27 ev
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FIG. 14.—0bserved and Computed Displacement Time History, August1, 1975 Crest

stered a maximum pressure increase of 13 psi
.sec gap. Pore-pressure cells 4, 5,
psi (15 kPa)-5 psi

Pnre-préssure cell No. 1 regi
{90 kPa) which was dissipated during the 6
and 6 also showed a minor fluctuation on the order of 2

(35 kPa).

Fortuitously, eeks prior-

the crest monuments were surveyed a couple of w
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t6 the August-1 earthquake:-The monuments were again surveyed immediately
" after the -event. Measurements indicated that the crest at the maximum section
. had setiled 0.4 in, (10 mm), An attempt wis made to duplicate this settlement
. with the FEM model. Two static *‘gravity, tum-on’? FEM analyses were made
 using the computed modulus at small shear stfains (10™%) and the elastic modulus
at the average induced shear strain caused by the August 1 earthquake. The
difference between the two analyses in displacement of the crest was taken
as,the settlement induced by the earthquake. A permanent displacement of
0;5.in. (15 mm) was determined in this manner which compares favorably wi

the measured settlement of 0.4 in. (10 mm). This method of computing permanent -

s_?:tflgmeut assumes that the settlement is due to' gravity loads of the structure
acting upon a reduced elastic modilus. This reduction of elastic modulus is
a-result of the induced strain caused by the earthquake. ' ’

Summany ano ConcLusioN

A dynamic FEM model of Oroville Dam was constructed. Construction of
the: model employed dynamic characteristics observed during.seismic activity.
which occurred within close proximity:to the dam. In addition to observed
dynamic characteristics, the static stress distribution -computed was used as
input to the model, The computed static stresses were compared to the static
stresses measured by cells located in the downstream shell of the dam. The
comparisen showed good sgreement between mostly al of the stress components.

‘ By observation of the natural period of the dam and-use of the linear equivalent
method the shear modulus of the shell materials was determined, These materials
were artificially stiffened by increasing the shear modulus which allowed the
_two-din'lensional model to simulate a three-dimensional behavior. From the good.
agreement between the observed and computed motions produced by two seismic

gvents it can be concluded that the model is appropriate.
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Appenpix [l.—NoTaTioN

. The following symbols are used in this paper:

¢ = cohesion;

d = parameter;

F = parameter; ‘

G = Poisson’s ratio, parameter;
G... = shear modulus at smali strains;

K = modulus number;
stiffness matrix;
shear modulus parameter;

il
[
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shear modulus parameter at small strains;
mass matrix;

modulus exponent;

failure ratio;

node point displacement;

node point acceleration;

natural circular frequency;

input acceleration time history;
unit weight;

mean effective confining pressure;
major principle stress; '
minor principle stress; and
friction angle.
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